The contribution of free radical-mediated reperfusion injury to the ischemic damage caused by total venous occlusion of island skin flaps was investigated in a standardized rat model. Control flaps subjected to 8 hours of total venous occlusion showed complete, full thickness necrosis when followed for 7 days following release of the vascular occlusion. Treatment with superoxide dismutase, a scavenger of superoxide radicals, prior to and immediately following the onset of reperfusion, significantly enhanced island flap survival from 0/11 (0%) to 8/15 (53%), p < 0.005, and from 0/9 (0%) to 6/12 (50%), p < 0.02, respectively. These findings are consistent with the hypothesis that oxygen free radicals generated at the time of reperfusion following a period of ischemia contribute significantly to the ultimate damage caused by ischemic injury. Such findings are consistent with similar reported observations on other tissues and suggest a means by which ischemic tissue injury might be therapeutically modified, even after the period of ischemia.
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T HE ROLE ofsuperoxide radicals in the process ofischemia-evoked tissue damage is under extensive study in a number ofmodel systems. Superoxide radicals (O2f) and its derivatives (OH" and H202) have been implicated as essential mediators in regional intestinal ischemia,' 2 globally ischemic myocardium,3'4 and a variety of other in vitro and in vivo model systems.5 There exists a growing body of evidence that supports the role of superoxide radicals in damaging the integrity of the microvascular architecture during or immediately following ischemia. i,6 Prolonged periods of anoxia, varying from species to species, induce similar morphologic alterations in the microvasculature of skin flaps, characterized by endothelial swelling, extravasation of intravascular fluid, and intravascular obstruction.7-'0 The purpose of the present study is to determine if superoxide radicals are implicated in the pathogenesis of ischemic injury in island skin flaps.
To achieve this goal, we have used the enzyme superoxide dismutase (SOD), which scavenges the super- oxide free radical by catalyzing the reaction": 02-+ O2-+ 2H+ -H202 + 02-It has been shown in studies done on the intestine" 2 and heart3'4 that a substantial degree of the tissue damage which results from ischemia occurs during the period of reperfusion and reoxygenation. In these systems, much of this injury is mediated through the superoxide radical and its descendents and thus is amenable to pharmacologic intervention. Therefore, the specific goal of our investigation is to determine the validity of this hypothesis in island skin flaps in rats by seeking to ameliorate the degree of ischemic injury with a superoxide radical scavenger. We also sought to evaluate the rat island skin flap as a simple model for the study of the role of superoxide radicals in the pathogenesis of regional ischemic tissue injury.
Materials and Methods Forty-seven female Sprague-Dawley rats, weighing 225 to 300 g, were used throughout the experiments. The animals were anesthetized with pentobarbital, I.P. (35 mg/kg), during flap construction, catheterization, and evaluation of flap survival.
Skin Flap
An island skin flap, 3 cm X 6 cm, was created in the right abdominal/groin area with the animal's midline as the medial border. During the microdissection, the skin flap was kept moist with saline. The blood supply and innervation to the flap was provided entirely by the right superficial epigastric neurovascular pedicle. The deep and muscular branches of the femoral vein and artery, together with the distal branches of these vessels, were cauterized with a bipolar coagulator and divided, as in the method of Harashina et al. 9 This design ensures that venous drainage of the flap occurs solely via the 0003-4932/83/0600/0087 $01.00 © J. B. Lippincott Company superficial epigastric/femoral vein. Thus, the placement of a microvascular clamp proximal to the epigastric pedicle on the femoral vein (approximately 1 cm distal to the right inguinal ligament) would totally occlude the venous drainage from and, therefore, perfusion of the flap. With the microvascular clamp firmly in place and the flap occluded, the flap was returned to the recipient site and sutured on its medial, superior, and two-thirds of its lateral borders, allowing access to the vessels for later catheterization.
Protocol
In the first series of experiments (n = 26), the venous drainage of the skin flap was occluded as described. At 7 hours and 45 mintues following occlusion, the lower border of the flap was elevated to expose the vessels. Two per cent lidocaine was applied by drop to dilate the femoral artery, and a microvascular clamp was placed on the artery proximal to the epigastric pedicle. The distal portion of the artery was divided, and heparinized saline (100 U/cc) was injected into the artery to clear the vessel of thrombi. Silastic medical-grade tubing (0.012 in I.D. X 0.025 in O.D.) secured to a 255/8-g needle and 1-cc tuberculin syringe served as the cannulation apparatus. The cannula was inserted into the distal end of the artery and a knot was tied with 6-0 silk to prevent slippage or leakage during the infusion of the flap. In the control group (n = 1 1), the flaps received 1 ml of the isotonic saline solution over the same period. In the experimental group, group II (n = 15), SOD (Type I, Sigma Chemical Co., St. Louis, MO), 1000 U in 1 ml of saline, was infused slowly for 15 minutes. After 8 hours of ischemia, including the 15-minute period of infusion of the enzyme or saline into the flap, the cath-eter was removed and the distal portion of the artery was occluded by cauterization. The clamps on the artery and vein were removed, and blood flow through the flap was restored. The vessels were observed for 10 minutes to ensure the reperfusion of the flap before the base of the flap was sutured into position.
In the second series of experiments (n = 21), the skin flap was prepared, its venous drainage was occluded for the same 8-hour period, and the femoral artery was cannulated as described for the first series of experiments. However, the enzyme or saline solution was infusednot before reperfusion, but after 1 to 3 minutes of unrestricted reperfusion of the flap. As in the first series, a contrbl group-group III, received only saline (n = 9) while one group-group IV, received SOD (n = 12). Removal of the catheter, observation of the vessels, and return of the flap to the recipient site were performed as described in the first series of experiments.
Assessment ofSkin Flap Survival
After 7 days of daily observation, skin flap survival was determined by the method of Sasaki and Pang.'0 All of the island skin flaps in both the experimental and control groups were evaluated. Paper templates measured to the area of the flaps were prepared and utilized to determine the percentage of surviving skin. Viable skin was soft, pink, and warm to the touch and often exhibited early hair regrowth. Necrotic skin was invariably black and hardened 7 days after injury; therefore, the distinction was clear and unequivocal ( Figs. 1, 2) .
The Fisher Exact Test was used to determine if the differences in survival in the various groups were statistically significant. 
Results
The results ofthe first series ofexperiments are shown in Figure 3 . All of the flaps (1 1/1 1) in the control group I in this series showed complete (ten) or predominant (one) necrosis. This observation is in agreement with similar findings after 8 hours of venous occlusion in rat island skin flaps, which show a zero survival rate without the infusion of saline or other agent to the skin flap.9"12 Fifty-three per cent (8/15) of the island skin flaps receiving SOD treatment after regional ischemia but before reperfusion (group III), showed complete (five) or predominent (three) viability. All eight of the surviving island skin flaps in group II exhibited greater than 78% viability of the total flap area. The fraction of flap survival after SOD treatment (8/15) was significantly greater than the fraction surviving without treatment (0/1 1) (p < 0.005).
The results of the second series of experiments where SOD was administered after reperfusion are also depicted in Figure 3 . Control rats (group III) that had saline infused to their flaps after reperfusion showed complete (eight) or predominant (one) necrosis in all (9/9) of the flaps. Fifty per cent (6/12) of the skin flaps that received superoxide scavenging enzyme after reperfusion of the flap showed complete (three) or predominant (three) survival (group IV). Again, the fraction of flap survival after SOD treatment was significantly greater than the fraction surviving without treatment (p < 0.02). The difference in survival between those flaps treated with SOD prior to (group II) and after reperfusion (group IV) was not statistically significant (p = 0.712). flap.9"2 The model used in the present study produced similar necrosis in the control animals. The major finding of the present investigation was that the administration of the superoxide radical scavenging enzyme, SOD, significantly increased the percentage of skin flaps that survive 8 hours of venous occlusion. This finding strongly implicates superoxide radicals as significant mediators in ischemic skin tissue damage.
Histologic and angiographic studies performed on ischemic free flaps in rabbits have shown diffuse swelling of endothelial cells and marked fluid loss from skin capillaries into the extravascular tissue. Willms-Kretschmer and Majno reported similar findings in electron micrographs of ischemic rat skin.7 These observations of the microvasculature of ischemic skin may reflect the morphologic counterpart to the increased capillary permeability seen in the intestine' and the macromolecular permeability changes observed in hamster cheek pouch preparations.6 Therefore, a number of studies strongly support a role for oxygen free radicals in the pathogenesis of ischemic tissue injury. The present data are consistent with the hypothesis that the loss of integrity of the microvascular architecture in ischemic skin tissue may be mediated by the superoxide radical and its derivatives. Although the mechanism(s) of free radical-induced endothelial damage is(are) not fully understood at this time, lipid peroxidation of membrane components and damage to the capillary basement membrane via hyaluronic acid degradation have been proposed." 6 Reperfusion is only one of the factors responsible for ischemic tissue injury.' The approximate 50% viability observed in groups II and IV suggests that after an 8hour period of venous occlusion, some of the skin flaps have undergone ischemic damage that is irreversible despite amelioration of the reperfusion injury with free radical scavengers. Only reperfusion injury can be prevented with free radical scavengers. The results of this investigation have demonstrated further that these agents are effective when administered just before or immediately after the onset of reperfusion. Ischemic tissue injury plays a central role in a number of disease processes. The effectiveness of free radical scavengers in preventing reperfusion injury after ischemia in the intestine," 2 heart,3'4 and skin has been demonstrated. The capability of successfully administering a free radical scavenger after the ischemic injury has taken place, or even, as we have shown, immediately after the onset of reperfusion, has promising clinical implications; for example, in limb replantation and ischemic bowel disease, the physician has no opportunity to intervene prior to the onset of ischemia but usually does intervene just prior to onset of reperfusion. This is in contrast to other forms of ischemic treatment, such as cold hyperkalemic cardioplegic solutions that must be administered prior to the ischemic period and are, therefore, only useful clinically in those few situations where the ischemic insult can be anticipated-situations such as cardiopulmonary bypass or in the elective construction of free skin flaps. Although the clinical utility of free radical scavengers has not been demonstrated yet, the fact that these agents have been demonstrated to be effective in rats, hamsters, cats, and dogs suggests that this mechanism of reperfusion injury is not speciesspecific. Therefore, the use of free radical scavengers to enhance recovery of human tissue following ischemic injury shows promise for clinical application.
